A single dielectric barrier discharge plasma actuator is employed for flow control on the pressure side of a natural laminar flow wing section under free-flight conditions. A full sized motorized glider is equipped with the flow control device and data acquisition hardware to quantify the impact of the actuator on boundary-layer transition. A transition delay of approximately 3% chord is achieved, quantified by microphone and hot-wire measurements. Simultaneously, the influence of the variable ambient conditions on the flow control performance is characterized. A closed-loop control algorithm enables constant actuator performance, despite varying humidity, temperature and density throughout the test flights. The energy efficiency of the flow control approach is estimated, providing a positive outlook for further improvements and a net benefit of transition control.
I. Introduction
Dielectric barrier discharge (DBD) plasma actuators have been used for a broad range of applications for flow control on airfoils. Numerous wind-tunnel investigations have focussed on separation control or noise mitigation as reviewed by Moreau, 1 but few efforts have been made to apply the flow control devices in real flight situations. Sidorenko 2 tested DBD actuation for separation control on a full-scale sailplane wing but found no conclusive evidence for a positive effect. The delay of transition to turbulence by DBD actuation has been investigated in wind tunnel experiments by various research groups, 3, 4 but so far DBD transition control has not been demonstrated under flight conditions. Computational investigations 5 and stability considerations 6, 7 indicate that the additional momentum fed into a laminar boundary layer by a DBD actuator leads to a subtle change of the velocity profiles, causing a significant improvement of hydrodynamic stability. The stabilized flow is less susceptible to natural Tollmien-Schlichting instabilities, resulting in delayed transition to turbulence. The primary aim of the present study is to show a delay of naturally occurring boundary-layer transition by the means of DBD plasma actuation in a flight experiment.
It is known from recent experiments that the performance of DBD actuators strongly depends on the state parameters of the surrounding fluid. For a flight experiment this means that the changing ambient conditions within the atmosphere influence the flow control authority of the DBD actuation. Extensive laboratory studies exist on the impact of humidity, 8 temperature 9 and pressure, 10, 11, 12 but the coupling of effects under real atmospheric conditions remains unknown. Additionally, the elevated speeds and Reynolds numbers encountered in flight can have an impact on the DBD operation. 13 For these reasons, the scope of the current investigation is expanded to quantify the impact of typical atmospheric conditions on the actuator performance and to evaluate the limits of in-flight DBD transition delay.
II. Experimental Setup

A. Motorized Glider G109
For the free-flight investigations, a G109b motorized glider is manned with two crew members. The aircraft combines the advantages of vibrationless gliding flight with a 96 kW engine for autonomous take-off and altitude gain. The trapezoidal wing with a span of 17.4 m and aspect ratio of 15.9 utilizes the Eppler E580 natural laminar flow (NLF) airfoil with subtle forward sweep. With a taper ratio of 0.55, the sweep angle at the leading edge is almost zero, minimizing spanwise pressure gradients and creating almost two-dimensional flow along the chord such that amplified Tollmien-Schlichting waves are expected to dominate any transition process either induced artificially or through atmospheric disturbances.
In order to host measurement equipment and accommodate a NLF wing glove, which is discussed in detail in Section B, several modifications of the airframe structure as well as non-permanent customizations are necessary and certified by the German federal aviation authority (LBA). To account for the additional payload, a temporary "permit to fly" is issued to allow a maximum take-off weight of m MT OW = 950 kg. The angle of attack (α) exploitable for the experiment ranges between α min = −3
• close to the maximum speed limit and α max ≈ 13
• just before complete flow separation.
B. Wing Glove
In order to quantify the influence of atmospheric turbulence on natural laminar flow airfoils, Weismüller
14
developed a wing glove for assembly on the right glider wing. Such a wing glove slides over the outer half of the tapered wing and matches smoothly at one defined spanwise position, enabling implementation of arbitrary sensors without interfering with the airframe structure. A custom designed NLF airfoil forms a rectangular section of 1.35 m × 1.35 m. The characteristics of the pressure side of this airfoil predestines it for flow control investigations since the pressure gradient is almost linear and adjustable between moderate positive and negative values, expanding the region of possible transition locations. The flow over the wing glove was numerically investigated and shown to be largely two-dimensional, except for the lateral tapered regions connecting the wing glove to the glider wing. In the center portion, an exchangeable acrylic measurement insert accommodates a streamwise array of 15 microphones as well as a single DBD actuator. An underwing pod for storage of equipment completes the wing glove.
C. Sensors
Along the outboard portion of the wing glove, 64 pressure taps are distributed over the suction and pressure side to resolve the pressure distribution during flight. A single boom protruding into the flow is installed on a front socket on the leading edge to enable the measurement of static and total pressure and to accommodate a X-hot-wire probe for acquisition of flow speed U and angle of attack α. In order to acquire time-resolved velocity data of the boundary-layer along the exchangeable measurement insert, a light-weight, three-axis traversing system was developed which can be installed on either side of the wing glove. The accuracy of wall-normal positioning of a velocity probe at the tip of a probe holder is 0.1 mm for highly resolved boundary-layer profiles. A single hot-wire probe connected to a Dantec MiniCTA constant temperature anemometer (CTA) bridge provides the velocity signal and resolves the velocity fluctuations contained inside the boundary-layer. The hot-wire equipment is calibrated to the expected flight speed and angle-of-attack range and a circuit-integrated analog low-pass filter is set to 3 kHz. Although higher frequencies can be resolved, this filter is chosen to minimize disturbing effects due to high-frequency DBD operation.
An array of 15 microphones, arranged in streamwise direction underneath the measurement insert, resolves the transition region with 30 mm accuracy. The connection to the surface is provided by one small orifice of 0.2 mm diameter for each microphone. The microphone and hot-wire signals are both sampled at a frequency of 16 kHz. An overall sketch of the pressure side of the wing glove instrumented with the different sensors is provided in Figure 1 .
The ambient flow conditions encountered during flight are acquired with a sampling frequency of 10 Hz. Two pressure sensors determine the static and dynamic pressure at a second boom, mounted upstream of the left wing. The temperature is measured with a PT1000 temperature sensor and a humidity sensor is installed to determine the current air density. A Dornier Flight Log, which is a wind vane following the incident flow, is mounted on the boom and provides the angle of attack α as well as the sideslip angle β. 
III. Influence of Ambient Conditions
Extensive research efforts have been spent on the influence of ambient fluid conditions on the performance of DBD actuators. It is known that an increasing relative humidity φ results in a decreasing power consumption P of the actuator. 8 Additionally, the effects of temperature and pressure have been analyzed, 9, 15 but neither a comprehensive investigation of coupled effects expected during in-flight operation nor real DBD flight data are available. To evaluate the in-flight performance of such flow control devices, results from actual flight measurements are presented in the following. This enables an effect quantification of ambient condition changes on DBD performance and is the basis for a closed-loop control of actuator performance during in-flight flow-control experiments.
A. Power Measurements
Several approaches exist to calculate the power consumed by DBD plasma actuators. 16 All of them depend on an accurate measurement of the electric potential between the electrodes. An elegant way to calculate the power is to additionally monitor the voltage across a probe capacitor connected to the grounded electrode. Kriegseis 17 extensively discusses the measurement and processing of such data to evaluate the power consumption of single DBD actuators of the same type as employed in the present study. One main insight is the existence of a monotonic relation between actuator power consumption P and the fluid mechanic thrust T imparted to the flow by one specific DBD actuator setup. Since thrust measurements require stationary conditions and highly sensitive equipment, e.g. balances, they cannot be performed during flight. The more conveniently accessible power consumption is therefore related to the fluid mechanic effectiveness and actuator performance. For the necessary voltage measurements, a Picotech PicoScope 4424 4-channel digital oscilloscope is installed in the underwing pod and connected to the acquisition PC via USB. The sampling frequency of the voltage signal is 1 GHz to finely resolve the alternating voltage signals and enable timeresolved power measurements. The post-processing routines to derive the instantaneous power consumption from the acquired voltage data is implemented in LabView together with the processing of the ambient condition data.
B. Quantification of Ambient Condition Influences
In order to evaluate the effect of ambient condition variations on the power consumption, the DBD actuator is operated with a constant input signal ζ applied to the corresponding port of the high voltage generator. Under constant ambient conditions, this produces a constant voltage amplitude and power consumption of the DBD device. During flight, the DBD power consumption and the ambient flow conditions are measured to correlate the data.
The typical flight procedure for flow-control experiments is a motorless gliding descent starting from 10 ′ 000 ft altitude. During the descent the static pressure and the temperature increase. Humidity φ may vary due to clouds and weather conditions, influencing not only the DBD performance but also the air viscosity and the Reynolds number Re. The static pressure from the ambient air data acquisition is indicated in Figure 2 (a), showing increasing pressure during the descent. Due to the atmospheric dependence between temperature and pressure, the temperature also increases slightly. The relative air humidity φ during this specific flight remains almost constant at 67%± 2% whereas the momentary power consumption is illustrated to derive the dependence between the pressure and DBD power consumption. The observed trend of decreasing power consumption with increasing pressure agrees well with the observations by other authors.
18, 17, 19
A 3% pressure increase leads to a 4% decrease of the consumed power, agreeing with the linear dependence reported by Kriegseis. A horizontal, motor-powered flight is conducted to remove the influence of pressure changes while flying through air layers of varying humidity beneath the cloud base level. A strong humidity variation by 30% is contrasted to the power consumption in Figure 2 (b). Due to saturation and condensation on the surface, the humidity reads 100% at the beginning and the end of the flight segment. This cannot be resolved by the humidity sensor but strongly influences the power consumption as also reported by Benard. 8 A gradient of the power consumption is therefore also found in regions of saturated, constant humidity. The power variation is in the order of 5% for a 30% humidity change.
Obviously, the relative sensitivity of DBD performance towards humidity gradients is minor than for pressure changes. Nevertheless, the pressure decreases slightly but continuously during the measurement flights, whereas strong humidity gradients can occur instantaneously. During regular atmospheric flights both influences can couple and additional, unpredicted effects may lead to DBD performance variation. Therefore, a closed-loop control of the actuator power is desired to maintain a constant performance during flow-control measurements. The following section introduces the concept and shows the successful application of a closed-loop control algorithm in the free-flight experiments.
C. Closed-Loop Control
In the following, the power consumption P is related to the length of the DBD actuator to facilitate comparison between different setups, rendering the unit W/m. The power consumption is measured and compared to a target valueP employing an automated PI closed-loop controller implemented in LabView. A PI architecture without any differential component is chosen since the incoming power data can be processed at iteration frequencies in the kHz range, orders of magnitude faster than the detection of ambient condition variations and fast enough for sufficient control dynamics. The empirical Ziegler -Nichols method 20 reveals suitable controller parameters for the given control loop. The controller output ζ is compared to the power consumption P for two flight situations in Figure 3 . In order to enhance comparability to the experiments reported in the following section, the power consumption is henceforth normalized with the DBD actuator length in spanwise direction. Figure 3 (a) additionally illustrates the humidity φ while crossing beneath a cloud base in motorized horizontal flight. The humidity increases significantly and the controller output is adjusted while maintaining the power constant at P =P = 25 W/m. During the gliding flow-control flights, no such abrupt changes of the ambient conditions occur since these are usually performed either above or far from clouds.
The aptitude of the controller to level out different target powers under varying conditions is demonstrated in Figure 3 (b) . It indicates the successful maintenance of a much higher power level P =P = 69.2 W/m while the varying controller output ζ accounts for changing ambient conditions. The ability of the control algorithm to provide constant DBD performance at various magnitudes is relevant for the flow-control experiments reported in the following section. 
IV. In-Flight Transition Delay
In order to perform in-flight transition control experiments, motorless gliding descents are required at quiescent air conditions. The flights are performed early in the morning, when the air is calm with low atmospheric turbulence due to buoyancy effects and thermals. After climbing to an terminal altitude of 10 ′ 000 ft, the engine is switched off and the propeller blades are turned to a gliding position. The desired flight state is approached and maintained as constant as possible, trying to minimize pilot induced oscillations and aircraft eigenmodes by adequate flight procedures. Before a minimum safety altitude is reached, the motor is turned on and the same measurement schedule is performed with DBD actuator switched on. This approach ensures the best repeatability of the environmental conditions for the transition delay experiments.
A. Transition Measurements with Microphones
Microphone signals are qualified to determine the location of transition since the wall pressure fluctuation level rises for all frequencies as the flow becomes turbulent. The 15 microphones installed under the exchangeable measurement insert thus allow the transition location in streamwise direction to be determined and monitored during a measurement flight. The boundary-layer state can quickly be evaluated by considering the signal spectra from a fast Fourier transformation (FFT) of the sensor signal. Each data block for the FFT has a size of 16 ′ 000 values, corresponding to one second of measurement time, and is high-pass filtered with a cutoff frequency at 100 Hz. Although frequencies up to 8 kHz are resolved, the focus is on the frequency range of interest for the transition investigations. Since the microphones are connected to the flow through a 0.2 mm diameter orifice, the transmission behavior for frequencies higher than 2 kHz is limited.
If the spectral amplitudes of frequencies f are visualized for each streamwise sensor position x/c in a color level plot, Figure 4 The test flight shown in Figure 4 (a) is performed at an angle of attack of α = 0.7
• and U = 38 m/s flight speed without the boundary-layer traverse system being installed on the wing. Figure 4 (b) illustrates the measurement for the same flight conditions after installing the traverse system on the glove pressure side. Now the flow is turbulent downstream of the x/c = 0.47 and exhibits discrete frequency peaks at approximately 300 Hz and 600 Hz. These disturbance frequencies originate from acoustic excitation due to flow separation on the traverse support. As illustrated, the traverse significantly affects the transition process on the wing glove pressure side. Nevertheless, the traverse is necessary to overcome the spatial resolution limitations of the microphone array and confirm the effect of DBD operation in Section B.
The disturbance effect of the traverse can also be noted in Figure 5 (a) , showing the pressure distribution for both cases. The ram effect of the installed traverse system causes a decreasing pressure downstream of x/c = 0.6 due to the proximity of the traverse support to the pressure taps. For comparison of the experimental data with numerical investigations, the cumulative effects of all such disturbances has to be kept in mind. 
B. Transition Delay Measurements
The spectrograms in These results show the first successful DBD transition delay performed in flight under atmospheric conditions. A variation of the actuator power consumption (and the corresponding thrust imparted on the flow) reveals increasing transition delay effectiveness up to the power of P = 66.6 W/m, beyond which no further effect is obtained. To optimize the energy efficiency of the flow control discussed in Section V, the least possible power consumption for the highest possible flow control effect should be selected.
Hot-wire boundary-layer data can be obtained with the traverse system mounted on the wing glove. Boundary layer profiles were recorded on the pressure side of the wing glove for different streamwise positions to localize the transition region. For take-off and landing, the mounted hot-wire sensor is positioned 20 mm away from the surface to reduce the risk of structural damage or probe destruction due to vibrations. Immediately before the measurement, the hot wire is traversed down to the surface to ensure that the measured velocity profile starts directly at the wall. Each velocity profile is recorded with 45 non-equidistant steps in the wall-normal direction, finely resolving the wall-proximity and obtaining sufficient averaged velocity values outside the boundary-layer. All hot-wire data are temperature corrected 21 to account for the changing ambient conditions during flight. Figure 7 illustrates normalized velocity profiles acquired at four streamwise positions within the transition zone on the wing glove at α = 0.56
• and U = 38.6 m/s. Solid lines indicate measurements without, dashed red lines with DBD operation at P = 66.6 W/m. With increasing streamwise distance, the velocities measured directly at the wall increase continuously without flow control. This indicates the increasing momentum exchange within the wall-near region associated with temporal occurrence of turbulent spots. The last velocity profile at x/c = 0.5 exhibits the turbulent characteristic of a fuller velocity distribution in the proximity of the wall. For the flow-control case, the velocity profiles do not show significant variation along the streamwise dimension. The boundary-layer thickness increases insignificantly over the illustrated 10% chord and no evidence of initiated transition is found if the DBD actuator is operated.
Despite this indication of postponed transition in the case of DBD forcing, the uncertainty of the data acquisition needs to be addressed. The variation of the normalized freestream velocity at the boundary-layer edge by 4% indicates that the flight state cannot be maintained throughout the complete measurement. Data acquisition at 45 wall-normal positions for each velocity profile plus traversing of the probe sum up to six minutes duration for one complete set of data, during which the environmental conditions change more dramatically as compared to the microphone investigations. A necessary limitation to four profiles impedes a detailed analysis of the shape factor evolution. During the measurement, the plane descends 3 ′ 000 ft and the Reynolds number increases by 5.9% due to increasing air density and viscosity, even if the flight velocity is maintained. To ensure the comparability of results, the same flight maneuvers are performed once without and, after climbing to the initial altitude, again with DBD actuation. Marginal attitude variations can either be induced by the pilot, plane eigenmodes or wind gusts and are likely to occur during long measurements. For adequate characterization of the transition location, a quicker measurement scheme is necessary.
If only the velocity fluctuation at the wall is considered, a finer resolution in streamwise direction can be combined with lower acquisition times through dramatic reduction of measurement positions. A trend of the hot-wire velocity fluctuations can be identified for flights without and with DBD actuation, characterizing the transition process. Figure 8 illustrates the standard deviation of the hot-wire velocity signal σ U as the probe is traversed along the streamwise direction x/c in steps of 5 mm and positioned directly on the glove surface (y = 0). A least-square-fitted trend line is approximated by a 4th-order polynomial for each case. Measurements without flow control at α = 0.6
• , U = 38.6 m/s, shown in black squares in Figure 8 (a), indicate a maximum value of the signal standard deviation at the downstream end of the measurement domain around x/c = 0.51. This peak of the standard deviation is illustrative for the transition process and coincides with the position of maximum flow intermittency. 22 For this flight state, the signal peak with DBD operation at P = 54.2 W/m is beyond the downstream end of the observable domain, and only the parallel displacement of the trend line slopes ∆ par can be compared, rendering the transition delay ∆x trans /c = 2.5%. A more precise quantification is possible for the flight at higher speed U = 39 m/s at a decreased angle of attack α = 0.4
• , illustrated in Figure 8 (b). For both the controlled and uncontrolled cases, the intermittency peak is observed within the measurement area. The displacement of the peak ∆ peak and of the slopes both indicate a transition delay of ∆x trans /c = 2%. The trend of diminishing transition delay for lower α is consistent with the decreasing boundary-layer stability due to flow speed and pressure gradient augmentation.
V. Efficiency Estimate
The efficiency of active flow control can be defined by relating the net power savings to the invested energy per time. Moreau et al. 23 estimate the power savings of boundary-layer flow control by integration of the momentum flux across a control volume. The change of the momentum distribution due to DBD operation is experimentally measured with a pitot-tube and transformed into fluidic power by applying the conservation equation of kinetic energy.
In steady flight, the necessary propulsion power counterweights the aircraft resistance, which is to a large portion constituted by the wing drag. If the wing profile drag D can be reduced, the fluidic power consumption
is diminished. The drag coefficient c D is necessary to calculate the profile drag (1) and (2), a reduction of the necessary propulsion power by ∆P p = 3.63 W/m is computed. The flow-control efficiency can then be defined by the ratio of the saved propulsion power ∆P p to the actuator power consumption P .
The power consumed in the flight experiments is closed-loop controlled at P = 66.6 W/m, yielding an efficiency of η = 5.4%. In the current setting, no net gain is achieved since the power consumption significantly exceeds the power savings, which is a typical result encountered in active flow-control experiments. The calculations do not include the electrical efficiency η e ≈ 60% defined by Kriegseis 17 as the ratio of power supplied to the high voltage generator P input and the power P consumed for the force generation. Additionally, the simplified evaluation based on Xfoil computations does not account for a local skin-friction increase at the actuator location due to the flow acceleration reported by Quadros.
5 These factors indicate overrated power savings, but positive effects are also disregarded. The propulsion thrust created by the actuator in flow direction could be utilized by a moving object but cannot be considered in this simplification. Flight experiments by Weismüller 14 using the same wing glove geometry show that Xfoil underestimates the absolute drag in comparison to measurements with a wake rake by a factor of approximately 0.75. In total, the estimated efficiency may be considered a reasonable guess, rendering a net gain plausible if the flow-control setup can be further enhanced by new actuator materials and optimized, additional actuator positions.
VI. Conclusions
The effect of atmospheric humidity and static pressure gradients on DBD operation is analyzed under realistic flight conditions. A decrease of the consumed power with increasing humidity and increasing pressure is quantified and a closed-loop controller is designed to overcome performance deterioration due to changing ambient conditions. The location of transition on the pressure side of a natural laminar flow wing glove is quantified with a streamwise microphone array and hot-wire anemometry. The flight measurements indicate that the influence of a single DBD actuator at 33% chord is capable of delaying transition by approximately 3% chord length. Considering the low-speed laboratory experiments to which DBD transition control was limited before these flight experiments, the obtainable friction reduction by 1.9% constitutes a significant step forward.
The effects of the measurement equipment on the flow quality and transition location are discussed and need to be considered when comparing the experimental data to numerical studies. For increasing flow speed and augmenting adverse pressure gradients on the wing glove pressure side, the obtainable transition delay decreases as expected from stability considerations. A systematic variation of the DBD actuator power consumption results in an optimum power beyond which no further flow control effect is obtained, motivating a discussion of energy efficiency of the flow control experiments. A numerical study reveals that approximately 5.4% of the expended flow control energy are recovered by the friction reduction due to the obtainable transition delay. Although a net energy saving is not obtained in the present proof-ofconcept, further refinements of the experimental setup and optimization of DBD operation render a net benefit realistic.
